The neural cell adhesion molecule (NCAM) and its post-translational modification polysialic acid (polySia) are broadly implicated in neural development. Mice lacking the polysialyltransferases ST8SiaII and ST8SiaIV are devoid of polySia, and show severe malformation of major brain axon tracts. Here, we demonstrate how allelic variation of three interacting gene products (NCAM, ST8SiaII and ST8SiaIV) translates into various degrees of anterior commissure, corpus callosum and internal capsule hypoplasia. Loss of ST8SiaII alone caused mild, but distinct defects and the severity of the pathological phenotype found in mice lacking both polysialyltransferases could be stepwise attenuated by reducing NCAM expression. Analysis of mice with overall nine selected combinations of mutant NCAM and polysialyltransferase alleles revealed that the extent of the fibre tract deficiencies was not linked to the total amount of polySia or NCAM, but correlated strictly with the level of NCAM erroneously devoid of polySia during brain development. The defects implemented by the gain of polySia-free NCAM were reminiscent to abnormalities found in patients with schizophrenia. Since variations in NCAM1 and ST8SIA2 have been implicated in schizophrenia, these findings provide a mechanism how genetic interference with the complex coordination of NCAM polysialylation may lead to a neurodevelopmental predisposition to schizophrenia.
Introduction
Proper temporal and spatial control of cellular interactions is a prerequisite for the highly coordinated development of brain connectivity (Shapiro et al., 2007) . One of the best characterized members of the immunoglobulin superfamily, the neural cell adhesion molecule (NCAM), is a major player in these processes (Edelman, 1984; Rougon and Hobert, 2003; Maness and Despite the prominent role assigned to polysialylation of NCAM, mice lacking polySia due to deficiency of its major protein carrier NCAM revealed an overall mild phenotype (for review, see Hildebrandt et al., 2007) . The vital role of polysialylation only became apparent after polySia was ablated independent from NCAM. Simultaneous deletion of the two polysialyltransferase genes St8siaII (St8sia2, STX) and St8siaIV (St8Sia4, PST) generated polySia-negative, but NCAM-positive mice characterized by postnatal growth retardation and precocious death, a high incidence of hydrocephalus as well as by agenesis or hypoplasia of major brain fibre tracts (Weinhold et al., 2005) . These defects were exclusively found in St8siaII, St8siaIV double deficient (II À ) suggesting that polySia -free NCAM causes the aberrant development (Weinhold et al., 2005) .
In humans, NCAM1 and ST8SIA2 (SIAT8B, STX) are candidate susceptibility genes for schizophrenia and a long standing record links dysregulation of NCAM to the pathophysiology of schizophrenia and other neuropsychiatric disorders (for review, see Vawter, 2000; Brennaman and Maness, 2008) . Data from genetic studies, however, are not yet coherent. A first family-based analysis provided no indication that structural variation in the NCAM gene is involved in schizophrenia (Vicente et al., 1997) . More recently, case-control studies on either a North American or a stratified European sample indicated associations between selected single nucleotide polymorphisms and schizophrenia (Atz et al., 2007; Sullivan et al., 2007) . The latter, however, was not reproduced in a Han Chinese collective (Xu et al., 2008) . On the other hand, single nucleotide polymorphisms in the promoter region of ST8SIA2 but not ST8SIA4 have been associated with schizophrenia (Arai et al., 2006; Tao et al., 2007) and NCAM1 as well as both polysialyltransferase genes map to chromosomal regions implicated in genetic predisposition to schizophrenia (11q23.1, 15q26 and 5q21 for NCAM1, ST8SIA2 and ST8SIA4, respectively; see Entrez Gene at www.ncbi.nlm.nih. gov/entrez) (Lewis et al., 2003; Lindholm et al., 2004; Maziade et al., 2005) . Moreover, there is compelling evidence that schizophrenia is associated with disturbed neurodevelopment resulting in altered brain connectivity (Lewis and Levitt, 2002; Innocenti et al., 2003; Francis et al., 2006; Begre and Koenig, 2008) .
Based on the defects of brain axon tracts in mice in which polysialylation of NCAM is completely ablated (Weinhold et al., 2005) , the current study set out to explore how distinct alterations of polySia and NCAM expression levels during development translate into a pathological morphology. As shown previously, loss of St8siaII but not St8siaIV significantly reduced polySia levels during the first postnatal days, when polySia expression reaches its peak in the wild-type brain (Galuska et al., 2006; Oltmann-Norden et al., 2008) . At this time point, the loss of one polysialyltransferase gene was not compensated by enhanced mRNA expression of the second enzyme and both enzymes show similar spatial expression patterns, since the almost ubiquitous distribution of polySia immunoreactivity detected on whole-brain sections was unaltered in mice lacking either St8siaII or St8siaIV (Galuska et al., 2006) . Here, we analysed mice with different combinations of wild-type and mutant Ncam and polysialyltransferase alleles and demonstrate a striking correlation between the dose of polySia -free NCAM during development and the degree of hypoplasia of specific axon tracts in the mature brain. This proves that not only the complete loss of polysialylation but also more subtle imbalances of polysialyltransferases and NCAM expression perturb brain connectivity. The resulting neurodevelopmental defects are reminiscent to those discussed in schizophrenia.
Materials and Methods

Mice
All protocols for animal use were in compliance with the German law for the protection of animals and approved by the local authorities. As described previously (Weinhold et al., 2005; Galuska et al., 2006) mice of the genotype St8siaII À/À , St8siaIV À/À and Ncam1 À/À which have been backcrossed to the C57BL/6J genetic background for six generations were intercrossed to obtain animals with different combinations of wild-type and mutant alleles.
Western blot analysis
Total brain extracts were prepared from postnatal Day 1 mice and separated by SDS-PAGE as described (Galuska et al., 2006) . After transfer to PVDF membranes, detection and quantification was performed with the Odyssey Infrared Imaging System (LI-Cor Biosystems, Homburg, Germany) using anti-NCAM mAb KD11 and fluorescent IRDye 680-labelled secondary antibody.
Quantitative RT-PCR
RNA extraction and quantitative real-time RT-PCR were performed as described previously (Galuska et al., 2006) . Intron-spanning primers specific for all Ncam1 isoforms (5 0 -ACACAAAGGCCGAGATGTC ATT-3 0 and 5 0 -CTGATCTGCAGGTAGTTGTTGGAC-3 0 ) or, for normalization, the hypoxanthine-guanine-phosphoribosyltransferase (HPRT; 5 0 -TTCCTCATGGACTGATTATGGACA-3 0 and 5 0 -AGAGGGCCACAAT GTGATGG-3 0 ) were used. Amplification efficiencies were determined by analysing the slope of a C t /log(template concentration) plot.
Morphometric analysis
The morphology of the anterior commissure, internal capsule and mammillothalamic tract was analysed on 50 mm vibratome sections from 4-to 6-week-old mice as described previously (Weinhold et al., 2005) . The rostocaudal extent of the corpus callosum was calculated as the product of the number of sections with callosal fibres crossing the midline multiplied by the thickness of the sections.
Statistics and regression analysis
One way ANOVA with Newman-Keuls multiple comparison post hoc test (two-tailed), Spearman's rank correlation coefficients and regression curves were calculated using Graphpad Prism software.
Results
Mice of all genotypes used in this study were obtained by appropriate crossings starting from St8siaII ), through lane 5, where all NCAM is devoid of polySia due to the absence of both polysialyltransferases (St8siaII
) results in a stepwise decrease of polySiafree NCAM if combined with different levels of polysialyltransferase expression ( Fig. 1A and B ; lane 6-8). Mice lacking all three genes were completely devoid of polySia and NCAM ( Fig. 1; lane  9) .
The total amount of NCAM was not affected by variations of polysialyltransferase alleles ( demonstrates that the loss of one allele of Ncam1 was not compensated by increased mRNA expression of the second Ncam1 allele. The above findings prove that the amount of polySia-free NCAM can be modulated independently by the gene dosages of NCAM and polysialyltransferases. This allowed us to analyse how different levels of polySia-free NCAM, during development, relate to disconnectivity in the mature brain. As shown in Fig. 2 , we first studied the anterior commissure, which is completely absent in polysialyltransferase-negative mice that carry two functional alleles of NCAM (II (Weinhold et al., 2005; compare Supplementary Table 1 ).
Correlation analysis (Fig. 2K ) supports the idea that the level of polySia-free NCAM at postnatal Day 1, but not the absolute amount of polySia or NCAM is linked to the observed structural defect. Dilatations of the lateral and third ventricles in conjunction with alterations in the shape of adjacent structures like habenula, was always associated with a dramatic distortion and thinning of the corpus callosum as described previously (Weinhold et al., 2005) . In the absence of severe ventricular dilation, the corpus Table 1 for comparison of litter-mates). Correlation analysis indicates that the amount of polySia-free NCAM during development is closely associated with corpus callosum hypoplasia (Fig. 3M) . As evident from midsagital brain sections at postnatal Day 1 (see Supplementary  Fig. 1A and B) as well as from mature, 4-to 6-week-old animals ( Fig. 3A and B 2K ). Spearman's coefficient of rank correlation (r s ) with significance of correlation (P) is specified and linear regression is plotted (dotted line).
Discussion
The current study reveals that the formation of major brain fibre connections during mouse brain development is exquisitely sensitive to deficits in NCAM polysialylation resulting from unbalanced gene dosages of Ncam1 and the polysialyltransferases St8siaII and St8siaIV. Defects of the anterior commissure, corpus callosum and internal capsule correlate precisely with the amounts of untimely expressed polySia-free NCAM at postnatal Day 1 and were independent from the presence or absence of additional polySia-NCAM. Proper formation of these fibre tracts, therefore, depends on the capacity of the available polysialyltransferases to process the NCAM pool present during development. These findings suggest that the dynamics of concealing NCAM functions is a key regulatory mechanism making polySia essential for brain development. To the best of our knowledge, this is the first indication that the level of glycosylation can be used as a surveillance system of a cell surface protein during development. In line with previous studies (Galuska et al., 2006; Oltmann-Norden et al., 2008) , our data demonstrate that ST8SiaII is much more efficient than ST8SiaIV in processing the complete NCAM pool. More important, a single functional allele of St8siaII was sufficient to completely prevent the morphological defects found in polySianegative, NCAM-positive mice. In contrast, expression of St8siaIV in the absence of St8siaII prevented morphological defects only in part. The degree of the St8siaIV-mediated rescue, however, correlated with the reduction of polySia-free NCAM observed in the presence of St8siaIV. Despite the clear differences in the quantity of NCAM that can be processed by ST8SiaII or ST8SiaIV, the data, therefore, indicate that both enzymes produce polySia, which is capable of masking NCAM. This is in good agreement with results from a previous study showing only minor differences in the chain length pattern of polySia isolated from St8siaII or St8siaIV single knockout animals (Galuska et al., 2006) . It is currently not clear how the observed axonal defects are implemented by the gain of polySia-free NCAM during brain development. It has, however, been shown that polySia deficiency causes cell-contact dependent premature differentiation of neuronal precursors (Petridis et al., 2004; Burgess et al., 2008; Rö ckle et al., 2008) . It is, therefore, tempting to speculate that untimely NCAM interactions, which would have been prevented in the presence of polySia, interfere with the onset of axon tract development. Interestingly, initiation of neurite outgrowth via the extracellular signal-related kinase pathway can be induced by either loss of polySia or application of soluble polySia-free NCAM suggesting NCAM-mediated signalling rather than adhesion as the underlying mechanism (Seidenfaden et al., 2003; Seidenfaden et al., 2006; Rö ckle et al., 2008) .
Increasing evidence supports the idea that aberrant central nervous system development and disturbed cortical connections contribute to the aetiology of schizophrenia (Lewis and Levitt, 2002; Innocenti et al., 2003; Francis et al., 2006; Begre and Koenig, 2008) . Mainly due to technical reasons, many studies focused on the corpus callosum to test the disconnectivity hypothesis. As discussed by Innocenti et al. (2003) , the majority of data support a loss of callosal connections in schizophrenia. Morphological findings comprise overall reductions of corpus callosum size and length as well as regional differences (Innocenti et al., 2003) . Particularly, diffusion tensor imaging studies revealed that structural defects of either the frontal (genu) or the rostral part of the corpus callosum (splenium), or both, can be associated with schizophrenia (Foong et al., 2000; Agartz et al., 2001; Ardekani et al., 2003; Cheung et al., 2007; Mitelman et al., 2007; Miyata et al., 2007; Price et al., 2007) . In addition to callosal defects, decreased size of the internal capsule, particularly of its thalamocortical aspects, were reported frequently (Hulshoff Pol et al., 2004; Douaud et al., 2007; Mitelman et al., 2007; Begre and Koenig, 2008) . The evidence for anterior commissure defects in schizophrenia is scarce. However, one MRI study with 159 patients found that increased illness severity was correlated with lower density of the anterior commissure (Hulshoff Pol et al., 2004) .
Among complex genetic disorders, schizophrenia has one of the highest heritabilities and, as suggested recently, predisposition to schizophrenia may be caused by multiple, individually rare mutations altering genes in pathways of neuronal development (Kirov et al., 2005; Walsh et al., 2008) . Variations in the Ncam1 and ST8SIA2 gene have been linked to schizophrenia (Arai et al., 2006; Atz et al., 2007; Sullivan et al., 2007; Tao et al., 2007) . It is, however, not known if these variations affect expression levels in vivo. In the current study, we induced unbalanced expression of polysialyltransferases and NCAM by allelic variation in mice and prove that this disrupts brain connectivity. Morphological aberrations of anterior commissure, corpus callosum and internal capsule were implemented dose dependently by a gain of polySiafree NCAM. In schizophrenic patients, disturbed connectivity of at least two of these fibre tracts, corpus callosum and internal capsule, was demonstrated repeatedly. We, therefore, propose that incomplete polysialylation of NCAM is a candidate mechanism for a neurodevelopmental predisposition to schizophrenia.
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